Results
( Figure 1G ). Thus, the gene defined by n3261 is broadly required for the efficient removal of cell corpses.
We used transmission electron microscopy (EM) to ced-12 Is Required for Cell Corpse Engulfment
We identified the mutation n3261 in a genetic screen examine whether the persistent cell corpses seen in n3261 mutant animals reflected a defect in corpse enfor mutants defective in cell corpse engulfment (Z.Z. and H.R.H., unpublished data). This mutation caused gulfment or in corpse degradation within the engulfing cells. We analyzed cell corpses produced by the ventral the persistence of cell corpses in late-stage embryos ( Figures 1A, 1B, and 1G ). In wild-type animals, 93 cells cord precursor cells P9 through P12 at the L3 stage, at which point these corpses had persisted for at least 12 undergo programmed cell death in the head, all during embryogenesis ). In the posterior hr (Sulston and Horvitz, 1977) . Persistent corpses in n3261 mutants displayed the morphology typical of cells ventral nerve cord, seven cells undergo programmed cell death during the late L1 and early L2 stages of undergoing programmed cell death: each appeared electron dense with a condensed cytoplasm and a dilarval development (Sulston and Horvitz, 1977) . In n3261 mutant larvae, cell corpses persisted in both the head lated nucleus ( Figures 1C and 1D ), as seen in both wildtype (Robertson and Thomson, 1982) and engulfmentand the posterior ventral cord ( Figure 1G ). We also observed persistent cell corpses in the gonads of adult defective animals (Ellis et al., 1991) . Of the 10 ventral cord corpses we analyzed by EM, nine were not enhermaphrodites, in which a large number of germ cells undergo programmed cell death (Gumienny et al., 1999) gulfed, and one had been engulfed by the hypodermal syncytium (hypodermis), which is normally responsible mother all had unengulfed somatic cell corpses, but homozygous ced-12(n3261) progeny (n ϭ 20) of a ced-12(n3261)/ϩ mother appeared wild-type. However, hoact in the genetic pathway defined by ced-2, ced-5, and mozygous ced-12(n3261) progeny (n ϭ 20) of a cedced-10 for the control of DTC pathfinding. The DTC 12(n3261)/ϩ mother had persistent germ-cell corpses migration defect of ced-12(n3261) animals was not resin the adult hermaphrodite gonad. These observations cued by maternal gene product. suggest that maternal wild-type ced-12 gene product is sufficient to allow the engulfment of cell corpses generated during embryogenesis and larval development ced-12 Acts in a Genetic Pathway with ced-2, but does not persist to adulthood. ced-5, and ced-10 for Cell Corpse Engulfment The six previously identified engulfment genes appear to define two pathways based on genetic interactions: ced-12 Affects Pathfinding of the Distal Tip Cells The two gonadal distal tip cells (DTCs) are located at a ced-1, ced-6, and ced-7 pathway and a ced-2, ced-5, and ced-10 pathway (Ellis et al., 1991) . In general, a the two ends of the hermaphrodite gonad primordium. During larval development, each DTC migrates in a mutation in an engulfment gene does not enhance the phenotype caused by a null mutation in a gene in the U-shaped pattern along the basement membrane of the body wall, and together the two DTCs direct the extensame pathway but does enhance the phenotype caused by a null mutation in a gene in the other pathway. We sion of the growing bilobed gonad. The migration paths of the DTCs are reflected by the shapes of the extended analyzed the genetic interactions between ced-12 and each of the six previously known engulfment genes. gonadal arms ( Figure 1E ) (Kimble and Hirsh, 1979) .
ced-12(n3261) animals were abnormal in the migration The ced-12(n3261) mutation, like a ced-5(n1812) null mutation (Wu and Horvitz, 1998b) , strongly enhanced pattern of the DTCs (Figures 1E-1G) , and this abnormality cosegregated with the engulfment defect (data not the engulfment defects caused by null mutations in ced-1 and ced-7 and a strong loss-of-function mutation shown). The most common abnormality (46.4% of all arms) was a premature dorsal turn of the DTC, followed in ced-6 (Table 1) ). ced-12(n3261), like by an extra turn along the dorsal musculature, causing the distal gonad arm to extend away from, instead of mutations in ced-2 and ced-10, did not enhance the engulfment defect caused by a ced-5 null mutation. We toward, the midbody ( Figure 1F ). Mutations altering DTC migration patterns in a variety of ways have been identiconclude that ced-12 acts in the same genetic pathway as ced-5 and in parallel to the pathway defined by ced-1, fied in C. elegans (Su et al., 2000, and references therein; Reddien and Horvitz, 2000) . The abnormalities displayed ced-6, and ced-7. The severity of the engulfment defect in ced-12; ced-2 by ced-12 mutant animals are similar specifically to the defects observed in ced-2, ced-5, or ced-10 mutants and ced-12; ced-10 double mutants was similar to that of ced-5 null mutants ( Figure 3C . CED-12 and Y106G6E.5 (see Supplemental Data). For example, we identified in ced-12(n3261) animals a C-to-T transition its related proteins have relatively low sequence similarity to rat PLC ␦1 over the entire predicted PH domain mutation predicted to result in the premature termination of Y106G6E.5 ( Figure 3A ) and found that expression region; however, higher similarity occurs within the regions in which the seven ␤ strands and the C-terminal of a Y106G6E.5 cDNA under the control of C. elegans promoters P hsp or P ced-1 (see Experimental Procedures) ␣ helix should form ( Figures 3C and 3D ), suggesting that the secondary structure elements critical for the fully rescued the engulfment defect of ced-12(n3261) animals (Figures 2B and 2D-2F). The P hsp or P ced-1 ced-12 formation of the tertiary structure core are conserved. In addition, although multiple insertions were found in expression constructs failed to rescue the engulfment the variable loops between the ␤ strands, no insertions features suggest that the CED-12 family of proteins contains sequences characteristic of a PH domain. or deletions were found within the ␤ strands or the C-terminal ␣ helix, further suggesting that the secondary Near the C termini of CED-12 (residues 711-724) and its related proteins, there is a proline-rich region bearing structure elements that form the PH domain are intact.
Although PH domains display a low level of sequence a core consensus sequence identical to the consensus sequence for SH3 (Src-homology-3) domain binding similarity to each other, conserved sequence features do exist (Shaw, 1996) . The N-terminal region containing sites, X-P-P-X-P (P: proline, X: aliphatic residue) (reviewed by Pawson, 1995) ( Figure 3B ). SH3 domains are the seven ␤ strands and the variable loops is rich in large hydrophobic, turn-promoting, and charged residues and present in many signal transduction proteins and cytoskeletal components (Pawson, 1995) . The sequence has a few well-conserved residues, such as G25 and F97 in rat PLC ␦1 (Shaw, 1996). The C-terminal ␣ helix similarities among CED-12 and its related proteins suggest that these five proteins may define a new protein exhibits negative charges, contains a nearly invariant tryptophan residue (W120 in rat PLC ␦1), and the fourth family conserved in structure and possibly in function. The n3261 mutation is a C-to-T transition that changes residue C-terminal of this tryptophan is an invarible large hydrophobic residue (Shaw, 1996) . The sequences of arginine codon 262 to a TGA stop codon ( Figure 3B ), presumably generating a truncated protein missing two-CED-12 and its related proteins fit these primary sequence features; in particular, in all but one case, the thirds of the CED-12 polypeptide. n3261/qDf5 and n3261/ qDf7 heterozygous animals displayed an engulfment deconserved glycine, phenylalanine, and tryptophan residues are present in these proteins ( Figure 3C ). These fect similar to that of n3261 homozygous animals (see The presence of a putative PH domain suggests that CED-12 may associate with membranes. However, C3 transferase, a specific inhibitor of Rho (Ridley and Hall, 1992) , abolished the induction of actin filament CED-12::GFP was mostly cytoplasmic, displaying many puncta of high GFP intensity. What does this localization assembly by CED-12 (Figures 6H and 6L) . By contrast, coexpression with HA-CED-12 of a dominant-negative pattern mean? PH domains can selectively associate with certain types of phosphatidylinositols (PIs), some form of Rac1 (Rac1S17N, Ridley et al., 1992) did not 
CED-12 Is a Member of an Evolutionarily Conserved Protein Family
The Drosophila CED-12 counterpart, DCED-12, partially three homologs from Drosophila and humans in murine rescued the ced-12 DTC migration defect, indicating Swiss 3T3 fibroblasts induced prominent actin filament that CED-12 and DCED-12 are functionally related. Furbundling. All CED-12 family members tested are therethermore, the finding that CED-12, DCED-12, HCEDfore capable of promoting a similar cytoskeletal change, 12A, and ELMO-1 all induced actin bundle formation in strongly supporting our hypothesis that in C. elegans quiescent Swiss 3T3 cells strongly suggests that these ced-12 acts to control the reorganization of the actin proteins affect the actin cytoskeleton similarly, perhaps cytoskeleton.
by activating the same downstream signaling pathway. Intriguingly, however, CED-12 overexpression inWe propose that the interaction between CED-12 family duced actin filament bundling rather than membrane members and CED-5 DOCK180 family members is evoruffling. In addition, this actin bundling was prevented lutionarily conserved, that the PH domain in CED-12 by C3 transferase, a specific inhibitor of Rho (Ridley homologs functions to facilitate membrane associaand Hall, 1992), but not by a dominant-negative Rac.
tions, and that CED-12 family members have conserved It appears that in this assay CED-12 either activates biological functions, for example, in the phagocytosis endogenous Rho or in some other way induces the of apoptotic cells. bundling of Rho-dependent actin filaments.
Our studies suggest that, although during C. elegans engulfment CED-12 activates CED-10 Rac, in murine negative Rac (Rac1S17N) were unsuccessful does not
